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Abstract 

& . 

The generation of the right amount of baryon asymmetry 77 of the Universe from 
£N) ■ supersymmetric leptogenesis is studied within the type-I seesaw framework with three 

■ heavy singlet Majorana neutrinos JVj (i = 1,2,3) and their superpartners. We assume 
the occurrence of four zeroes in the neutrino Yukawa coupling matrix Y u , taken to be 

{Sj ' [at symmetric, in the weak basis where iVj (with real masses Mj > 0) and the charged 

leptons l a (a = e, fj,, r) are mass diagonal. The quadrant of the single nontrivial phase, 

■ allowed in the corresponding light neutrino mass matrix m u , gets fixed and additional 
constraints ensue from the requirement of matching 77 with its observed value. Special 
attention is paid to flavor effects in the washout of the lepton asymmetry. We also 

^ ■ comment on the role of small departures from high scale fir symmetry due to RG 

' evolution. 



1 Introduction 



Baryogenesis through leptogenesis [U [2j [3] is a simple and attractive mechanism to explain 
the mysterious excess of matter over antimatter in the Universe. A lepton asymmetry is first 
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generated at a relatively high scale (> 10 9 GeV). This then gets converted into a nonzero 
T], the difference between the baryonic and antibaryonic number densities normalized to the 
photon number density (ub — ng)n~ l , at electroweak temperatures [3] due to B + L violat- 
ing but B — L conserving sphaleron interactions of the Standard Model. Since the origin of 
the lepton asymmetry is from out of equilibrium decays of heavy unstable singlet Majorana 
neutrinos [5], the type-I seesaw framework [6J [7J [8j [9j 10] , proposed for the generation of light 
neutrino masses, is ideal for this purpose. We study baryogenesis via supersymmetric lepto- 
genesis [H] with a type-I seesaw driven by three heavy (> 10 9 GeV) right-chiral Majorana 
neutrinos Ni (i = 1, 2, 3) with Yukawa couplings to the known left chiral neutrinos through 
the relevant Higgs doublet. There have been some recent investigations [121 121 HU EE] study- 
ing the interrelation between leptogenesis, heavy right-chiral neutrinos and neutrino flavor 
mixing. However, our angle is a little bit different in that we link supersymmetric leptogen- 
esis to zeroes in the neutrino Yukawa coupling matrix. In fact, we take a fir symmetric [T6] 
neutrino Yukawa coupling matrix Y v with four zeroes [T7] in the weak basis specified in the 
abstract. 

There are several reasons for our choice. First, a seesaw with three heavy right chiral 
neutrinos is the simplest type-I scheme yielding a square Yukawa coupling matrix Y v on which 
symmetries can be imposed in a straightforward way. Second, fir symmetry [18J - [3E] in the 
neutrino sector provides a very natural way of understanding the observed maximal mixing 
of atmospheric neutrinos. Though it also predicts a vanishing value for the neutrino mixing 
angle 8 13 , the latter is known from reactor experiments to be rather small. A tiny nonzero 
value of #i3 could arise at the 1-loop level via the charged lepton sector, where fir symmetry 
is obviously broken, though RG effects if the said symmetry is imposed at a high scale [16J. 
Third, four has been shown [17] to be the maximum number of zeroes phenomenologically 
allowed in Y v within the type-I seesaw framework in the weak basis described earlier. Finally, 
four zero neutrino Yukawa textures provide [IT] a very constrained and predictive theoretical 
scheme - particularly if fir symmetry is imposed [T6] . 

The beautiful thing about such four zero textures in Y v is that the high scale CP violation, 
required for leptogenesis, gets completely specified here [17] in terms of CP violation that 
is observable in the laboratory with neutrino and antineutrino beams. In our fir symmetric 
scheme [16J, which admits two categories A and B, the latter is given in terms of just one 
phase (for each category) which is already quite constrained by the extant neutrino oscillation 
data. Indeed, the quadrant in which this phase lies - which was earlier unspecified by the 
same data - gets fixed by the requirement of generating the right size and sign of the baryon 
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asymmetry. Moreover, the magnitude of this phase is further constrained. 

In computing the net lepton asymmetry generated at a high scale, one needs to consider not 
only the decays of heavy right-chiral neutrinos iVj into Higgs and left-chiral lepton doublets 
as well as their superpartner versions but also the washout caused by inverse decay processes 
in the thermal bath. The role of flavor [3SJ HHJ [50j [51] can be crucial in the latter. In the 
Minimal Supersymmetric Standard Model (MSSM [52]), this has been studied |53j through 
flavor dependent Boltzmann equations. The solutions to those equations demonstrate that 
flavor effects show up differently in three distinct regimes depending on the mass of the 
lightest of the three heavy neutrinos and an MSSM parameter tan/3 which is the ratio 
Vu/vd of the up-type and down-type Higgs VEVs. In each regime there are three Ni mass 
hierarchical cases : (a) normal, (b) inverted and (c) quasidegenerate. All these, considered 
in both categories A and B, make up eighteen different possibilities for each of which the 
lepton asymmetry is calculated here. That then is converted into the baryon asymmetry by 
standard sphaleronic conversion and compared with observation. These lead to the phase 
constraints mentioned above as well as a stronger restriction on the parameter tan /3 in some 
cases. 

If [it symmetry is posited at a high scale characterized by the masses of the heavy Major ana 
neutrinos, renormalization group evolution down to a laboratory energy A breaks it radia- 
tively. Consequently, a small nonzero 6^ 3 , crucially dependent on the magnitude of tan/?, 
gets induced. The said new restrictions on tan (3 coming from r\ in some cases therefore cause 
strong constraints on the nonzero value of Q\ z which we enumerate. 

One possible problem with high scale supersymmetric thermal leptogenesis is that of the 
overabundance of gravitinos caused by the high reheating temperature. For a decaying 
gravitino, this can lead to a conflict with Big Bang Nucleosynthesis constraints, while for a 
stable gravitino (dark matter) this poses the danger of overdosing the Universe. The problem 
can be evaded by appropriate mass and lifetime restrictions on the concerned sparticles, cf. 
sec. 16.4 of ref [52]. Such is the case, for instance, with gauge mediated supersymmetry 
breaking with a gravitino as light as O(KeV) in mass. In gravity mediated supersymmetry 
breaking there are sparticle mass regions where the problem can be avoided - especially 
within an inflationary scenario. An illustration is a model [54J , with a gluino and a neutralino 
that are close in mass, which satisfies the BBN constraints. Purely cosmological solutions 
within the supersymmetric inflationary scenario have also been proposed, e.g. [55]. We feel 
that, while the gravitino issue is one of concern, it can be resolved and therefore need not 
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be addressed here any further. 



The plan of the rest of the paper is as follows. In section 2 we recount the properties 
of the allowed /it symmetric four zero Y v textures. Section 3 contains an outline of the 
basic steps in our calculation of rj. In section 4, rj is computed in our scheme for the three 
different heavy neutrino mass hierarchical cases in the regimes of unflavoured, fully flavored 
and r-flavored leptogenesis for both categories A and B. Section 5 consists of our results on 
constraints emerging from r\ on the allowed [it symmetric four zero Y v textures. In section 
6 we discuss the departures - due to RG evolution down to laboratory energies - from \it 
symmetry imposed at a high scale ~ min (Mi, M 2 , M 3 ) = M\ owest . Section 7 summarizes 
our conclusions. Appendices A, B and C list the detailed expressions for rj in each of the 
eighteen different possibilities. 



2 Allowed fir symmetric four zero textures of Y v 



The complex symmetric light neutrino Majorana mass matrix m u is given in our basis by 

m v = -^vlY u dmg.(M^,M-\M.^)Y u T = Udmg.( mi , m 2 , m 3 )U T . (2.1) 

We work within the confines of the MSSM [52] so that v u = v sin (3 and the W-mass equals 
\gv, g being the SU(2)l semiweak gauge coupling strength. The unitary PMNS mixing 
matrix U is parametrized as 

\ / C13 -s 13 e- i5 °\ ( cia s 12 0\ 



U 



(\ 

c 23 -S23 
\0 s 23 c 23 / 



1 

\s 13 e iS ° C13 J 



S12 C12 

V 01; 



/ e iaM \ 
e ihl 

V 01) 



(2.2) 

where c^- = cos 9ij, s%j = sin#y and 8d, «a/, 0m are the Dirac phase and two Majorana 
phases respectively. 



The statement of \xr symmetry is that all couplings and masses in the pure neutrino part of 
the Lagrangian are invariant under the interchange of the flavor indices 2 and 3. Thus 



13 • 

(n) 21 = (K) 

31 > 

0^)23 = (^)32' 



(2.3a) 
(2.36) 
(2.3c) 
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{Y v \ 2 = (Y u ) 
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(2.3c/) 



and 

M 2 = M 3 . (2.4) 
Eqs. (2.3) and (2.4), in conjunction with eq.(2.1), lead to a custodial fir symmetry in m u : 

fm„) 1Q = (m„) Qn , (2.5a) 



l"Ml2 = l m ^2i 



^/13 



Wffl = ( m ^) 3 3- ( 2 - 56 ) 

Eqs. (2.5) immediately imply that #23 = 7r/4 and #13 = 0. With this \xr symmetry, it was 
shown in Ref. [16] that only four textures with four zeroes in Y v are allowed. These fall into 
two categories A and B - each category containing a pair of textures yielding an identical 
form of m„. These allowed textures may be written in the form of the Dirac mass matrix 
rri£) = Y„v u /y2 in terms of complex parameters ai, a 2 , 61, 62. 

/ ai a 2 a 2 \ 

6i /// 
V 0l 

/ ai 



Category A : 



Category B : 
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6 2 / 



(2.6a) 



(2.66) 



The corresponding expressions for m u , obtained via eq.(2.1), are much simplified by a change 
of variables. We introduce overall mass scales rriA,B, real parameters ki, k 2 , h, l 2 and phases 
a and /3 defined by 



Category A : 

m A = -bj/M 2 , 
Category B : 

m B = 



a 1 



1M2 
Mi 



-bj/M 2 , h 



a 1 



IM2 
Mi 



&2 



a 



arg- 



(2.7a) 



1M2 
Mi 



(3 = arg 



bi 



(2.76) 



Then the light neutrino mass matrix for each category can be written as [53] 

„2„2ia , OU2 k2 k ^ I q lll2e l x l 2e 

, m uB = m B 



( k 2 e 2m + 2k\ 

k 2 1 

k 2 1/ 



hl 2 f& l 2 e 2i ? + l l 2 e 2i ? 
\hl 2 e* l\e 2 ^ l 2 e 2 ^ + l) 



{21 
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We shall also employ the matrix 



h = m} D niY) 



(2.9) 



which is identical for the two textures of Category A as well as for the two textures of 
Category B. Indeed, it can be given separately for the two categories as 



\m A \ Mi 



k\ 



x 1 l i k\k 2 e 



x 



l / 4 ktk 2 e m yfx{l + k\ 



\x x ^k\k 2 e % ' 



■\J~xk 



x 1 ^k 1 k 2 e~ m \ 
V^(l + k 2 2 ) ) 



h B = \m B \ Mi 



(l\ + 2l 2 2 x l l%e-^ x x /%e-^\ 

x x l%e^ 
\x l l%e^ 



x 



where 



x 



Ml ' 



(2.10a) 



(2.106) 



(2-11) 



Restrictions on the parameters ki, k 2 , cos a and h, l 2 , cos j3 from neutrino oscillation data 
were worked out in ref. [TB]. The relevant measured quantities are the ratio of the solar to 
atmospheric neutrino mass squared differences R = Am^/Am^ and the tangent of twice 
the solar mixing angle tan2# 12 . One can write 

-i 



R = 2{X{ + Xtf"[X a - (Xf + X^Y 



tan 29i 2 



X 2 



(2.12a) 
(2.126) 



The quantities X\ 2 3 are given for the two categories as follows 



Category A : 



X 1A = 2^2k 2 {{\ + 2k\f + k\ + 2k\{\ + 2k 2 ) cos 2a] 
X 2A = 1 - k\ - Ak\ - Ak\k\ cos 2a, 
X 3A = 1 - Ak\ - k\ - Ak\k 2 2 cos 2a - Ak\. 



1/2 



(2.13a) 
(2.136) 
(2.13c) 



Category B : 



X 1B = 2v / 2/i/ 2 [(/i + 2l\f + 1 + 2{l\ + 2ll) cos2^] 
X 2B = l + Al 2 2 cos2f3 + All-l\, 
X 3B = 1 - (I 2 + 2l\f - Al 2 cos 2/3. 



1/2 



(2.13a 1 ) 
(2.13e) 
(2.13/) 
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We also choose to define 

Xa,b = (X 2 iab + X 2 2AB ) 1/2 . (2.14) 

At the 3cr level, tan2# 12 is presently known to be [56J between 1.83 and 4.90. For this range, 
only the inverted mass ordering for the light neutrinos, i.e. Am 2 2 < 0, is allowed for Category 
A with the allowed interval for R being —4.13 x 1CT 2 eV 2 to —2.53 x 1CT 2 eV 2 . In contrast, 
the same range of tan 28^ allows only the normal light neutrino mass ordering Am 2 2 > for 
Category B with R restricted to be between 2.46 x 1CT 2 eV 2 and 3.92 x 1CT 2 eV 2 . A thin 
sliver is allowed [16J in the k\ — k% plane for Category A, while a substantial region with two 
branches is allowed [16J in the li — l 2 plane for Category B. Finally, cos a is restricted to the 
interval bounded by and 0.0175, while cos (3 is restricted to the interval bounded by and 
0.0523. Thus, a, (3 could be either in the first or in the fourth quadrant. The interesting new 
point in the present work is that the baryogenesis constraint leads to restrictions on sin 2a 
and sin 2/3 to the extent of removing the quadrant ambiguity in a and j3. 



3 Basic calculation of baryon asymmetry 

Armed with fir symmetry as well as eqs. (2.8) and (2.10), we can tackle leptog enesis at a scale 
~ M\ owest . There are three possible mass hierarchical cases for N{. Case (a) corresponds to a 
normal hierarchy of the heavy Majorana neutrinos (NHN), i.e. Mi owest = Mi << M 2 = M3. 
In case (b) one has an inverted hierarchy for Ni (IHN) with Mi owest = M 2 = M 3 << M\. 
Case (c) refers to the quasidegenerate (QDN) situation with M\ ~ M 2 ~ M 3 ~ Mi owest . 
Working within the MSSM [52] and completely neglecting possible scattering processes [53] 
which violate lepton number, we can take the asymmtries generated by N{ decaying into a 
doublet of leptons L a and a Higgs doublet H u as 



r(A, L c a H u ) - r(iVj L a H^) 1 



T{Ni -> L c a H u ) + T{Ni L a H2) Anv 2 u h ti H l]J "~ lJJ 1 - x t 



E 



(3.1) 

J u> b vi. j-Li L ± ^y. 

25 = Im [(nJ D ) ia {m D ) aj h l3 l (3.2) 
J$ = Im [KUm D ) a ,M, ( 3 - 3 ) 

where 

Xij = M 2 /M 2 (3.4) 
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and 



f{%ij) \f%ij 



-In 



1 H~ &ij 



1 Xij Xij 



(3.5) 



We note here that the term does not contribute to ef in our scheme since it vanishes [16] 
on account of [it symmetry. Further, contributions to ef from Ni decaying into sleptons and 
higgsinos and from sneutrinos iVj decaying into sleptons and Higgs as well as into leptons and 
higgsinos have been included by appropriately choosing the a^-dependence in the RHS of eq. 
(3.5). Observe also that Zj*- (and hence e") gets an overall minus sign from lm(e~ ia , e~ t/3 ), 



whereas ZS (and hence ef 3 ) get an overall plus sign from lm(e ia , e % "). Except for being 



positive in the region 0.4 < < 1, the function /(xy) of eq.(3.5) is negative for all other 
values of its argument. These signs are crucial in determining the sign of r\ and hence those 
of a, (3. 

The decay asymmetries ef get converted into a lepton asymmetry Y a = (nf — nf)s~ x , s being 
the entropy density and nf (nf) being the leptonic (antileptonic) number density (including 
superpartners) for flavor a via the washout relation [53] 

r a = EWftS 1 - ( 3 - 6 ) 

i 

In eq. (3.6), is the effective number of spin degrees of freedom of particles and antiparticles 
at a temperature equal to M{. Furthermore, when all the flavors are active, the quantity 
K.f is given by the approximate relation [Tj2J EE] , neglecting contributions from off-diagonal 
elements of A, 

In eq. (3.7), Kf is the flavor washout factor given by 

Ka r(N^L aH c) \ mDai f Mpi 

H(Mi) Mi 6.647r^r ^ ' > 

Mpi being the Planck mass. This follows since the Hubble expansion parameter H(Mj) at a 
temperature is given by 1. 66 Jg~^M"l Mp Z . Moreover, to the lowest order, T(Ni — > L a H^) 
equals \m£) ai \ 2 M^Attv^) 1 . An additional quantity, appearing in eq. (3.7), is A aa , a diagonal 
element of the matrix A a " defined by 

K L Q = 2 A a(3 Yl. (3.9) 
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Here Y" = s~ 1 (nf i — ng), n>1 being the number density of left-handed lepton and slepton 
doublets of flavor a and Y£ = ~Yb — Y a , Yb being the baryonic number density (normalized 
to the entropy density s) including all superpartners. The precise forms for A a/3 in different 
regimes of leptogenesis will be specified later. 

One can now utilize the relation between Yb = (ub — n^s^ 1 and Yj = Y^ a Y a , namely [57] 

Y B = Y„ (3.10) 

where np [uh) is the number of matter fermion (Higgs) SU(2)p doublets present in the 
theory at electroweak temperatures. For MSSM, np = 3 and nn = 2 so that eq. (3.10) 
becomes 

Ys = - A*. (3.11) 

The baryon asymmetry rj = (jib — n^n" 1 can now be calculated, utilizing the result [58] 
that sn^ 1 ~ 7.04 at the present time, to be 

r? = —Y B ~ 7MY B ^ -2AhY h (3.12) 

Leptogenesis occurs at a temperature of the order of Mi owest and the effective values of A aa 
and /C" depend on which flavors are active in the washout process. This is controlled [53] 
by the quantity Mi owest (l + tan 2 f3) 1 . There are three different regimes which we discuss 
separately. 

(1) M lowest (l + tan 2 /3)" 1 > 10 12 GeV. 

In this case there is no flavor discrimination and unflavored leptogenesis takes place. Thus 
A a/3 = —5 a ^ and all flavors a can just be summed in eqs. (3.1). Thus = Y] e°, Yl a = 0> 
Zij = E a l% = Im (hij) 2 and Y = E^^/Q with K~ x = 8.25^ + (i^/0.2) 116 and 
Ki = Yl a Kf = /ijjMp;(6.647r \fg^iMivD l . For the normal hierarchical heavy neutrino 
(NHN) ), M 2 =3 may be ignored and the index i can be restricted to just 1, taking 

g*i = 232.5. For the corresponding inverted hierarchical (IHN) case (b) Mi can be ignored 
and i made to run over 2 and 3 with (7*2=3 = 236.25, all quantities involving the index 2 
being identical to the corresponding ones involving 3. Coming to the quasidegenerate (QDN) 
heavy neutrino case (c), g± = 240 and the contributions from i = 1 must be separately added 
to identical contributions from i = 2,3. 

(2) M lowest (l + tan 2 /?r 1 < 10 9 GeV. 
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Here, all flavors are separately active and one has fully flavored leptogenesis. Now the A- 
matrix needs to be taken as 1531 



A 



MSSM 



/— 93/110 6/55 6/55 \ 

3/40 -19/30 1/30 
v 3/40 1/30 -19/30 j 



(3.13) 



and eqs. (3.6) - (3.8) used for each flavor a. Once again, we consider the different cases 
(a), (b) and (c) of heavy neutrino mass ordering. Ignoring M2=3 for ) and with 

g*i = 232.5, we have 77 ~ —1.05 x 10~ 2 J2 a ^i^i- Similarly, ignoring M\ for case (b) and 
with 3*2=3 = 236.25, one gets r] ~ -1.04 x 10~ 2 £ Q (ef/C? + For case (c), g+ = 240 

and 7] ~ -1.02 x 10~ 2 J2 a ( e i^i + + e 3^s)- 

(3) 10 9 GeV < M lowest (l + tan 2 /3)" 1 < 10 12 GeV. 

In this regime the r- flavor decouples first while the electron and muon flavors act indistin- 
guishably. The latter, therefore, can be summed. Now effectively A becomes a 2 x 2 matrix 
A given by [53J 

A / -541/761 152/761 \ 

V 46/761 -494/761 J v ; 

and acting in a space spanned by e + fi and r. Indeed, we can define /C^ +M and K\ by 

V lJ \A 22 \KJ \ 0.2 J y ! 

Now, for case (a) with = 232.5, 77 ~ -1.05 x 10~ 2 [(^ + e^/Cf^ + e[Kl\. Case (b) has 
3*2=3 = 236.25 and 77 ~ -1.04 x 10" 2 T, k =2^l + 4)^t +fl + ^Pk\ Finally, case (c), with 
g* = 240, has rj ~ -1.02 x 10" 2 Ej(e? + eft/Cf " + e[K[]. 



4 Baryon asymmetry in the present scheme 

(1) Regime of unflavored leptogenesis 

As explained in Sec. 3, there is no flavor discrimination if Mi owest (l + tan 2 0) 1 > 10 12 GeV. 
The lepton asymmetry parameters can now be given after summing over a. Additional 
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simplifications can be made by taking v u — v sin (3 with v ~ 246 GeV and substituting 

|m| = (Amjjxf 2 . (4.1) 
The relevant expressions for the two categories then are the following 
Category A : 

„ „^ - „ « Mi kZJxf(x) sin 2a . « 



£2A = esA ^ 1.18 x 10 



M 2=3 klk^f(l)sm2a 
10 9 GeV(i + A;2)xy 2 sin 2 /3 



i8 Mi £; 2 A; 2 /(±)sin2a 



Category B: 



*b - -2.35 x 10- J* ^/(^)sin2^ 
10 9 GeV (/2 _|_ 2ll)X B / sin /3 

« M 2 - 3 /|/( i )sin2^ 
e 2B = e 3B ~ i.is x 10' 8 2 ~ 3 2 J^ 

10 9 GeV X^sin 2 /? 

o Mi / 2 v^/(i)sin2^ / ix 

= 1.18 x 10~ 8 5 - Ar 2V ; /9 w; -. 4.36 

10 9 GeV X^ /2 sin 2 /3 1 ' 

Note that x was defined in eq.(2.11). We are now in a position to discuss the three Ni 
mass hierarchical cases. For case (a), with the much heavier M 2 = M 3 ignored and only M x 
contributing, we can give the following expressions for the flavor-summed washout factors. 



Category A : 



86.36 k\ 
fg^X 1 / 2 sin 2 (3 



Kia * _ 1/2 (4.4a) 



Category B 



86.36 (1 + A; 2 ) (A 
^2A = ^ ^ 77. (4.46) 



/^TX^ sin /? 



, W±M) , (4.4c) 



86.36 
rglX B 12 sin 2 /3 
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Consequently, 

V ^ HN * -1-05 x 10- 2 (e 1A )C 1A ) g ^ 232 s , (4.5a) 

r£ HN ~ -1.05 x 10- 2 (eiB/C 1B ) M25 , (4.56) 

with the dependence on the category (A or B) coming both through e\ and K\ occuring in 
¥L\. For case (b), one can ignore M\ and hence t\ and K\. Thus we have 

^^-2.06(e 2A /C 2A ) M626 , (4.6a) 

^^-2.06(e 2B /C 2B )^ =236 2s , (4.66) 

where once again the category dependence comes in through e 2 and K 2 occuring in /C 2 . 
Finally, for case (c) with all three M's contributing, 

V i D B N ~ -1.02 x 10- 2 (e 1A ,B/C 1A ,B + 2e 2A , B /C 2A , B ) fl _ 24o . (4.7) 

The expressions for /Ci j2 in terms of Ki i2 , have already been given in Sec. 3. Detailed 
expressions for the right hand sides of eqs. (4.5), (4.6) and (4.7) are given in appendix A. 

(2) Regime of fully flavored leptogenesis 

If Mi owest {l + tan 2 pi) 1 < 10 9 GeV, all leptonic flavors become active causing fully flavored 
leptogenesis, cf. Sec. 3. We now need to resort to eqs. (3.1) - (3.8) to compute the lepton 
(flavor) asymmetry Y a . However, J® 1 - vanishes explicitly for all the four cases of four zero 
textures of mp being considered by us. Thus we need be concerned only with the Xf- term in 
eq. (3.1). Even some of the latter vanish on account of the zeroes in our textures. However, 
let us first draw some general conclusions about the two categories of textures before taking 
up the three iVj hierarchical cases separately. 

Category A: 



It is clear from eq. (2.6a) that the presence of two zeroes in rows 2 and 3 in both textures 
m^ A and m^ A implies the vanishing of (^D)^ M ( m J o) M j and {m D )\ T {m D ) T - for i ^ j. As a 
result, Ijfj = IJj = which imply that 

e? A = e\ A = 0. (4.8) 



Thus Kf A and K\ A do not contribute to rj. The expressions for the pertinent nonvanishing 
quantities are given by 

Mi k%^f(x)sm2a 
10 9 GeV x'/sm'P 



*a - "2.35 x 10- \^r^n7„ , (4.9a) 
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Mi kfkjf(-) sin 2a 

4a = 4a - 1-18 x HT* q * 77 — 1/9 r~ , 4.96 

3A 10 9 GeV (i + kl)X)l 2 sin 2 f3 

86.36 A; 2 

^ - 1/2 * , (4.9c) 

yMX/ sin /3 



86.36 fc| 

, ^1/2 . 2 /» 

W S111 P 



^ = ^3A ^ ~ J 1/2 2 9 - • (4-9d) 



Category B : 



In this case, each allowed texture of m fl in eq.(2.6b) has two zeroes in the first row in 
consequence of which (mfl)* je (mD) c . vanishes for i ^ j. Therefor, /?■ = because of which 

<b = 0. (4.10) 

in either case. Furthermore, with (/ib) 23 an d (^5)32 being zero, J 2 3 T and vanish here for 
both textures m^ B and m^. An additional point is that, for the texture m^ B , Ii 2 = = ^13 
but I{ 2 7^ 7^ Jf 3 while, for mpg, Jf 3 = = I{ 2 but Jf 2 7^ 7^ 7J" 3 . Consequently, is 
the same for both allowed textures and so is e[ B . Moreover, for m^B, e 2B an d e 3B van ish 
but t\ B and e 3B do not while, for m^ B , t\ B and e 3B vanish but e 2B and e 3B do not. In fact, 
explicitly one has 

& = 42 T = 4 2 2 T = 4 2 2 M = 0, (4.11a) 

= = = 4^ - -1.18 x 10-^ gvg^jsmjg 



(l)r _ (1)M _ (2)„ _ (2)r ^ i 10 x i Q -8 M 2=3 ll ^f(x) Sm2/3 

e 2B - e 3B - e 2B - e 3B _ 1.18 x 1U • (4.11c) 

In these equations and henceforth the superscripts (1),(2) refer to m^, m§ respectively. 
Coming to the washout factors, one sees a similar pattern. For m^, K 2B and K\ B vanish 
while for m^ B) K 2B and K% B are zero. Explicitly, 



A .a>, = Alr = xg, = Af/ K 86 ffg (4 . 12a) 

/5pf B ' sin^ 



K« e = = = = 4f = K?t = = Kf> = 0, (4.126) 

4t = = Kft = ^t - 2 • (4.12c) 

v^X B ' sin /3 



13 



Let us finally draw attention to an important consequence of eqs. (4.11) and (4.12). Since 
/Q* is just a known function of A aa as well as Kf and since equals A TT , the combination 

e 2B^2B + e 3B^3B + e 2B^2B + e 3B^3B (4-13) 

is identical for m^g and and is a characteristic of just Category B. 

Now, for the normal iVj-hierarchical case (a), with M 2j 3 neglected, we have the following 
expression for the baryon asymmetry. 

Category A : 

rfi™ ~ -1.05 x 10- 2 e\ A (K\ A ) g ^ h . (4.14a) 

Category B: 

r)» HN * "1.05 x 10- 2 + 6l B /C[ B ) - 2.1 x 10" 2 ( e ^/C^)] M2 5 , (4.146) 

where /xt symmetry has been used in the last step. For the inverted jVj- hierarchical case 
(b), with Mi neglected, the results are given below. 

Category A : 

rf/s „ _ im x 1Q -2 + e - A /C^)^ =236 25 ~ -2.06 x 10- 2 e e 2A (/C^)^ =236 25 . (4.15a) 
Category B : 

^LffTV ^ _]__Q3 x 10 2 (e^B^-ZB + e 2B^2B + e 3B^3B + e 3B^3B) 9 *=236.25 

~ -2.06 x 10- 2 (c^/Ck + e^B^mas- (4.156) 

In eq. (4.15b), the first (second) term in the RHS bracket vanishes for (m^); the non- 
vanishing terms have identical expressions for both textures. Lastly, for the quasidegenerate 
case (c), the expressions for the baryon asymmetry are as follows. 

Category A : 

r,i DN ~ -1.02 x 10- 2 {e\ A K\ A + 2el A Kl A ) g ^ io . (4.16a) 

Category B : 
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Vb — 1-02 X 10 2 (Cifi/Cis + e lB^lB + e 2B^2B + e 2B^2B + e 3B^3B + e 3B^3B)^=: 



The second (third) term within the RHS bracket vanishes for m DB (ttid B ), while the remain- 
ing terms are identical for both textures of Category B. Detailed expressions for the right 
hand sides of eqs. (4.14), (4.15) and (4.16) appear in appendix B. 

(3) Regime of r-flavored leptogenesis 

We have discussed in Sec. 3 that, with 10 9 GeV < M lowest {l + tan 2 /?) -1 < 10 12 GeV, there 
is flavor active leptogenesis in the r-sector but the electron and muon flavors can be summed. 
Thus, use can be made here of the flavor dependent results of Regime (2), but there is a 
proviso : both the generation and washout of Yl take place in a flavor subspace spanned by 
e + ji and r, cf. eqs. (3.13) and (3.14). Using the notation of eq. (3.15), we can then write 
the consequent baryon asymmetry as 



In discussing the lepton asymmetries and washout factors in detail here, it will be useful 
to consider the situation for each texture in either category by itself. We shall therefore 
separately enumerate the iVj-hierarchical cases (a), (b) and (c) for each of the four textures 
using the subscripts A, B for the category and subscripts (1), (2) for the textures. 

Category A, rr$ A . 

Now ef^ 1 = = e£^ T , cf. eq. (4.8). But, in addition, we have 



2.04 x 10- 2 (e^/CSe + e^ 2B + e» B K» B ) g ^. 



(4.166) 



^-2.45^^- 1 [« + 6f)/C^ + 6[^]. 



(4.17) 
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Now for the NHN case (a), we have 

(1)NHN 



Va 



~ -1.05 x 10~ 2 e e 1A 



K 1A=0 



(4.20) 



J 3*=232.5 



with iCyT calculated as per eq. (3.15a) but setting K^ A = 0. For the IHN case (b), we can 
write 

Va 1)IHN ~ -1.03 x 10- 2 {e e 2A (jC e 2 + /) k » a=q + 4aK£T] ■ (4-21) 

Here again ¥L e 2 + A is calculated by putting K% A = 0. 
For the QDN case (c), the expression is 



3*=236.5 



Va 



-1.02 x 10" 



(4.22) 



3*=240 



Once more, appropriate washout factors have to be set at zero as shown earlier in the 
calculation of . 

Category A, m^ A . 

Again, ef A ^ = = ef A T , but the vanishing washout factors now are 

= K[T = K?} T = K?}» = KfT. 



•1A 



^3A 



l 2A 



(4.23) 



The pertinent nonzero quantities namely, ef A , = ef A , K^ A e , K 2A e and Kf A are the 
same as for m$ A . In addition, 



K. 



{2)n 
2A 



n 3A — 



86.36 



^ X^sin 2 /?' 



(4.24) 



Thus, for the NHN case (a), 



(2)NHN 

Va 



-1.05 x 10~ 2 e e 1A 



V LA / K?.=0 



(4.25) 



S*=232.5 



i.e. the same as in eq. (4.20). Then, for the IHN case (b), we have 
^ )IHN ~ 1.03 x 10- 2 U A Kl + / + el A (K?/) 



(4.26) 



S*=236.25 



i.e. is calculated fully but by setting K£ A = 0. This expression turns out to be 

the same as for m^ A . 
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Finally, the QDN case (c) has the baryon asymmetry as 

5 1a(^'1a' 1 )^m =q + e 2A^"2A 1 + c 3a(^-3A M ) 



^QDN „ x 1Q _ 2 



K 3A=° 



(4.27) 



9*=240 



with appropriate washout factors set to zero in /C^4 M , as shown. Again, this turns out to be 
equal to that for m$ A . Detailed expressions for the right hand side of eqs. (4.20) and (4.25), 
which are identical, appear in appendix C. We make the same statement for eqs. (4.21) and 
(4.26) as well as for eqs. (4.22) and (4.27). 



_ (l)r 



e£ B and cf. eqs. (4.10) and (4.11a), while the vanishing 



IB 



Category B, m BB . 
Here, ef B e = = e 

washout factors are K^ B T , K^ B e . The pertinent nonzero quantities, as given in eqs. 

(4.11b), (4.11c) and (4.12a), (4.12c), are eg" = e[f , e£>r = e« M and tfg>" = K^f 
= K^. Additionally, 



„(i)e_ 86.36 l{ 



X B /2 sm 2 p 



K {i)t _ K (i)r _ 86.36 l\ 

IB — ^lB 



X B /2 sin 2 p 



1X 2B — -"-3B — 



86.36 



X B /2 sm 2 p' 



Therefore, for the NHN case (a), 



^NHN „ _ LQ5 x 1Q _ 2 



e lB^lB^ + e lB^lB 



3*=232.5 



Coming to the IHN case (b), we have 



„<?™ ~ -1.03 x 10- 2 



Z 3B 



+ e 2B^2B 



(4.28a) 
(4.286) 
(4.28c) 

(4.29) 

(4.30) 



3*=236.25 



with the first term within the RHS bracket calculated by setting K£ B = 0. For the final 
QDN case (c), the expression is 



AVQDN 

Vb 



-1.02 x 10 



-2 



e lB^lB "T e 



3B 



*3B=° 



e lB^lB + e 2B^2B 



, (4.31) 



9*=240 



where is calculated with K^ B set to vanish. 



Category B, m BB . 
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Here we have ef B e = = = e^ 1 from eqs. (4.10) and (4.11a), while the washout factors 
K^ T , K^^, K^b i K^ e vanish. The remaining nonzero quantities of relevance, as appear 



in eqs. (4.11b), ( 4.11,c) and (4.12a) (4.12c), are ef^ = < 
K^ T = . In addition, K^ e has the same expres 

86.36 l\ 



(2)r (2)ai 
IB i fc 2B 



c (2)t 
Z 3B 



tq n and K 



(2)M 
IB 



K 



(2)r 
IB 5 



(2)e 
IB 



X B /2 sm 2 (3 



The NHN case (a) now yields 



(2)NHN 

Vb 



-1.05 x 10" 



'lB'^lB 



=232.5 



as with m^ B . For the IHN case (b), the baryon asymmetry reads 



J2)IHN 

Vb 



-1.03 x 10" 



: 3B 



(*Sb) 



Z 2B 



2B 



K 2B=° 



g*=236.25 



(4.32) 



(4.33) 



(4.34) 



which happens to have the same expression as for m^ B . Finally, for the QDN case (c), the 
baryon asymmetry is 



AVQDN 

Vb 



-1.02 x 10 



-2 



e lB /v l_B + e 



(/c 



e+H 
2B\ /V 2B 



3B /V 3B 



g*=240 



(4.35) 



which also turns out to be the same as for Thus the baryon asymmetry in each of the 

three iVj-hierarchical cases has the same expression for both and mf^ in Category A 
and the same statement holds for Category B. Detailed expressions of rj in Category B for 
the NHN, IHN and QDN cases are given in appendix C. 



5 Results and discussion 

We had earlier deduced [16] from neutrino oscillation data with 3a errors the constraints 
< cos a < 0.0175 and < cos/3 < 0.0523 for the phases a and j3 of Categories A and B 
respectively. Thus each phase could have been in either the first or the fourth quadrant with 
89° < |a| < 90° and 87° < \j3\ < 90°. The new requirement of matching the generated baryon 
asymmetry tja. {vb) for Category A (B) with its observed value in the 3a range 5.5 x 10~ 10 
to 7.0 x 10~ 10 [57] [62] puts restrictions on sin 2a (sin 2/3) which fix both the magnitude and 
the sign of a ((3). To be specific in our numerical analysis, we choose x = M$ =3 /Mf for the 
different hierarchical follows : (a) for NHN, x > 10, (b) for IHN, x < 0.1, (c) for 

QDN, 0.1 < x < 10. So far, we did not dwell on the mass ordering (normal or inverted) of 
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the right handed heavy neutrinos Ni in the QDN case. For the normal ordering (NON) case, 
we take 1.1 < x < 10, while for an inverted ordering (ION), our choice is 0.1 < x < 0.9. As 
mentioned earlier, the function f(x) is positive for 0.4 < x < 1.0 and negative elsewhere. 
We need to avoid the point x = 1 which corresponds to the complete degeneracy of the 
Ni, i.e. Mi = M 2 = M 3 since f(x) diverges at this point. The inclusion of finite width 
corrections to propagators of right handed neutrinos in the one loop decay diagrams avoids 
this problem. Now, both the previously divergent part of the modified f(x) and the lepton 
asymmetry vanish there. We also avoid the near x = 1 region, 0.9 < x < 1.1, to exclude 
the so called resonant leptogenesis [63] since that is not part of our scenario. Tables 1-3 
enumerate the emergent constraints on a, (3 in consequence of matching 77^, t]b for each 



Category A 


Parameters 


NHN 


IHN 


QDN 








NON 


ION 


Q 


Q < 


Q > 


a < 




a > 




89.0° - 89.9° 


89.95° - 89.99° 


89.1° - 89.9 




89.10° -89.99° 


X 


10 - 10 3 


0.001 - 0.1 


2.0-9.1 


0.1 - 0.9 


tan/3 


2-60 


2-5 


2-60 


2-60 


^lowest 

10 9 GeV 


5.0 x 10 3 
4.9 x 10 6 


5.0 x 10 3 
2.6 x 10 4 


5 x 10 3 
3.6 x 10 6 


5.0 x 10 3 
4.9 x 10 6 


Category B 


Parameters 


NHN 


IHN 


QDN 








NON 


ION 


P 


p < 


/3 > 


p < 




p > 




88.8° - 89.9° 


89.48° - 89.99° 


87.0° - 89.9 




89.84° - 89.99° 


X 


10 - 10 3 


0.001 - 0.1 


8.3 - 9.5 


0.1 - 0.9 


tan/3 


2-8 


2-12 


2-60 


2-10 


•*^*Z owest 

W 9 GeV 


8.4 x 10 3 

8.5 x 10 4 


5.0 x 10 3 
1.6 x 10 5 


5.0 x 10 3 
4.9 x 10 6 


5.0 x 10 3 
1.0 x 10 5 



Table 1: Allowed a, ft and other parameters for unflavored leptogenesis 



of the eighteen different possibilities described earlier with corresponding restrictions on the 
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Category A 




NHN 


IHN 


QDN 


NON 


ION 


a 


a < 

SO 40 _ on no 


a > 

SO no _ on QO 


rv <r 
89.1° -89.9° 


rv ~> 

89.0° - 89.9° 


X 


10 - 10 3 


0.001 - 0.1 


1.1 - 10.0 


0.1-0.9 


tan /3 


25 - 60 


22 - 60 


2-60 


2-60 


^lowest 

10 9 GeV 


67 
3.6 x 10 3 


4.9 x 10 2 
3.6 x 10 3 


23 

3.60 x 10 3 


10 

3.6 x 10 3 


Category B 


Parameters 


NHN 


IHN 


QDN 


NON 


ION 


P 


p < 

87.0° - 89.9° 


p > 

87.0° - 89.9° 


p < 
87.0° - 89.9° 


p > 
87.0° - 89.9° 


X 


10 - 10 3 


0.001 - 0.1 


1.1 - 10 


0.3 - 0.9 


tan j3 


16 - 60 


24-60 


6-60 


7-60 


^lowest 

WGeV 


2.4 x 10 2 
3.6 x 10 3 


5.7 x 10 2 
3.6 x 10 3 


0.35 x 10 2 
3.6 x 10 3 


0.49 x 10 2 
3.6 x 10 3 



Table 2: Allowed a, /3 and other parameters for fully flavored leptogenesis 



parameters x, tan/3 and Mi owest as shown. We would like to make the following comments 
on the information contained in tables 1-3. 

1. Signs of phase angles : We have a positive baryon asymmetry in our universe. From 
the formulae for all NHN cases in the Apendices, we can say that sign of f(x) sin 2(a,j3) 
has to be positive in order to generate such a positive asymmetry. But f(x) is negative 
in the NHN region of x > 10. So, a, (3 have to be negative for all NHN cases. On 
the contrary, for all IHN cases, there is an overall negative sign in the formulae for 
r] since Im(/i| 1 ) = Imft^) here is opposite in sign to Im(/i 2 2 ) = lm(hf 3 ) that come in 
for the NHN case. So, for a positive 77, a negative sign of f(x) sin2(o;, ft) is needed 
in all IHN cases. Again, f(x) is negative in the NHN region of x < 0.1. For this 
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Category A 




NHN 


IHN 


QDN 








NON 


ION 


a 


a < 


a > 


rv <r 


rv ~> 




so n° _ so qo 


so no _ so qo 


89.0° - 89.9° 


89.0° - 89.9° 


X 


10 - 10 3 


0.001 - 0.1 


1.1 - 10.0 


0.1-0.9 


tan /3 


2-60 


2-60 


2-60 


2-60 




1.7 x 10 3 


50 


100 


100 


^lowest 

10 9 GeV 


4.0 x 10 4 


1.03 x 10 4 


1.97 x 10 4 


1.45 x 10 4 


Category B 


Parameters 


NHN 


IHN 


QDN 








NON 


ION 


P 


/3 < 


/3 > 


p < 


p > 




87.0° - 89.9° 


87.0° - 89.9° 


87.0° - 89.9° 


87.0° - 89.9° 


X 


10 - 10 3 


0.001 - 0.1 


1.1 - 10.0 


0.1-0.9 


tan j3 


2-60 


2-60 


2-60 


2-60 




3.25 x 10 2 


6.25 x 10 2 


0.37 x 10 2 


0.37 x 10 2 


^lowest 

WGeV 


2.3 x 10 4 


5.0 x 10 4 


2.1 x 10 4 


1.6 x 10 5 



Table 3: Allowed a, (3 and other parameters for r- flavored leptogenesis 



reason, a, ft are positive in all IHN cases. For QDN cases we need to discuss the 
possibilities of normal and inverted ordering of Mj separately. Here there are two 
terms with f(x) and —f(l/x) along with an overall factor sin2(a,/3). For the NON 
region 1.1 < x < 10.0, f(x) is negative while —f(l/x) is negative for 1.1 < x < 2.5. 
So, for the region 1.1 < x < 2.5, a, (3 are required to be negative. For the remaining 
part of the NON region 2.5 < x < 10, f(x) is negative and —f(l/x) positive but the 
f(x) term dominates over the —f(l/x) term. So, negative signs also are needed for 
a, /3, in the region 2.5 < x < 10. Thus all QDN cases with NON require negative 
sign of a, /3. Again, for QDN with ION, both f(x) and —f(l/x) are positive in the 
region 0.4 < x < 0.9. In the rest of the ION region 0.1 < x < 0.4, f(x) is negative 
and —f(l/x) is positive. But, now the latter term dominates over the former one. So, 
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positive a, j3 are needed in all QDN cases with ION. In fact, we see (tables 1-3) that 
for all normal (both hierarchical and quasidegenrate) mass ordering cases of Mj, the 
phases are negative whereas, for all inverted (both hierarchical and quasidegenrate) 
mass ordering cases, they are positive. One may also note that in all cases and regimes 
the size of the allowed range of tan (3 is correlated with that of the phase a/ (3. 

2. Magnitudes of phase angles and other parameters : Neither a nor /3 can be strictly 
90° since rj then vanishes. Therefore, a nonzero rj is incompatible in Category A with 
tribimaximal mixing which requires [16] a = n/2. The numerical value of rj is most 
sensitive to the values of sin 2 (a, (3), Mi owest (Mi for normal mass ordering, M 2 for 
inverted mass ordering) and to some extent to the function / (and hence x) for ac- 
ceptable ranges of ki, k 2 (Category A) and h, h ( Category B). The latter are of 
course restricted [16J by the neutrino oscillation data. For unflavored leptogenesis with 
Mi owest > (1 + tan 2 (3)10 12 GeV, the minimum value of Mi owest is 5 x 10 12 GeV, while 
we cut the maximum value at 5 x 10 15 GeV to avoid the GUT scale whereabouts all 
produced asymmetry gets washed out by inflation. Such a large value of Mi owest forces 
a small value of sin 2 (a, 0) in order to have the baryon asymmetry in the right range. 
In Category A, the range of |a| is restricted to 89° < \a\ < 90° so that sin 2a is small 
there. In the IHN case of Category A, other associated factors including f(l/x) cause 
further restrictions on a, cf. Table 1. In Category B the range 87° < < 90° is 
curtailed to > 88.8° due to the large value of Mi owest in flavor independent lepto- 
genesis except the QDN (NON) case where other factors are responsible for necessary 
suppression. 

3. The quadrants of a, (3 do not change between unflavored, fully flavored and r-flavored 
leptogenesis, nor is there any dependence of them on the value of tan (3. They only 
depend on whether Ni have a normal (Mi < M2=z) or inverted (Mi > M2=z) mass 
ordering. For the former, a and (3 are always in the fourth quadrant (< 0) since e\ 
always has a minus sign in front, while the latter always forces them to be in the first 
quadrant (> 0) since e 2 = e 3 always has a plus sign in front. 

4. The constraints on sin 2a, sin 2/3 - extracted from t]a,b - restrict the allowed intervals 
for \a\, \(3\ more stringently than do constraints on cosa, cos/3 obtained [16J from 
neutrino oscillation phenomenology. 
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6 Effect of radiative /it symmetry breaking 



While explaining a maximal value for #23, exact fir symmetry predicts a vanishing 13 . 
The latter will make the CP violating Dirac phase 5d unobservable in neutrino oscillation 
experiments, many of which are being planned to study CP violation in the neutrino sector. 
Thus it may be desirable to have a nonzero #13, however small. 

Suppose /xr symmetry is exact at a high energy A ~ 10 12 GeV characterizing the heavy 
Majorana neutrino mass scale. Running down to a laboratory scale A ~ 10 3 GeV, via one- 
loop renormalization group evolution, one picks up small factorizable departures from fir 
symmetry, induced by charged lepton mass terms, in the elements of the light neutrino mass 
matrix m u . These cause small departures from 45° in 9^ and tiny nonzero values for 9\ 3 . 
Neglecting m 2 in comparison with m 2 , one obtains [16] that 



(\ 





1 









m. 



(\ 





1 









(6.1) 



\o i-A r y 

where is \it symmetric and the deviation A r is given in MSSM by 

A 



771 

A T ^— ^(l + tan 2 /3)lm 
8tt z v z A 



6 x l(T b (1 + tan 2 /3). 



(6.2) 



Working to the lowest nontrivial order in A r , the phenomenological consequences of eq. 
(6.1), derived from extant neutrino oscillation data, were worked out in ref.[15]. The allowed 
regions in the k\ — A; 2 (h — h) plane for Category A (B) get slightly extended. Moreover, 
one finds that 9^ < 45° as well as < 9$ 3 < 2.7° for Category A and 45° < 6*23 as well as 
< 0i3 < 0.85° for Category B. The upper bounds on 9± 3 in both categories correspond to 
tan/3 = 60. 

RG evolution from A to A has no direct effect on the baryon asymmetry r]. The lepton 
asymmetry YJ, produced at the heavy Majorana neutrino mass scale, remains frozen till the 
temperature comes down to the weak scale where it is converted to 77. The requirement 
of the latter being in the observed range leads to correlated constraints on x, M\ owest and 
tan/3, vide tables 1-3. While the constraints on x and Mi owest have some effects on the 
magnitude of A, they are numerically quite weak. Such is, however, not the case with the 
tan/3 constraints, owing to eq. (6.2). In particular, the bounds on 9^ 3 can be significantly 
affected by restrictions on tan/3. 
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Let us discuss the consequent effects on the said bounds in the three regimes. 

(1) Flavor independent leptogenesis. Here tan/3 can go from 2 to 60, as taken in Ref.[15], 
for the NHN and QDN cases of Category A and the QDN (NON) case of Category B, cf. 
Table 1. Therefore the range of 8 X 3 remains unchanged for those cases. But the stronger 
restrictions on tan /3 given in Table 1 for the IHN case of Category A and the NHN, IHN and 
QDN (ION) cases of Category B force the corresponding 8 X 3 and #23 to be practically equal 
to 0° and 45° respectively for those two situations. 



(2) Fully flavored leptogenesis. We can deduce from the information given in table 2 that 
the ranges of 9 X 3 are affected here for either category in each case. The results are given in 
table 4. 





Category A 


Category B 




NHN 


IHN 


QDN 


NHN 


IHN 


QDN 


tan/3 


25-60 


22 - 60 


2-60 


16 - 60 


24-60 


6- 60 (NON) 

7- 60 (ION) 


#13 


0.47° - 2.7° 


0.36° - 2.7° 


0° - 2.7° 


0.06° - 0.85° 


0.14° -0.85° 


0° - 0.85° 



Table 4: Effect on 6 X 3 of the more restricted range of tan /3 in fully flavored leptogenesis. 



(3) T-flavored leptogenesis. There is no additional restriction on tan/3 here as compared 
with unflavored leptogenesis, vide table 3. Hence the ranges of 6 X 3 stand unchanged in either 
category for the NHN, IHN and QDN cases. 

Now that there is a nonzero 8 X 3 , one has CP violation in the neutrino sector which can 
be measured from the difference in oscillation probabilities Piy^ — > v e ) — P[y^ ^e) [64J. 
For the CKM CP phase 5 X , we find the 3a range of its value to be 1.0° < 5 X < 70° (Category 
A) and 1.5° < 5 X < 90° (Category B) for both flavored and unflavored leptogenesis in all 
regimes. The sign of S x is opposite to the sign of a/ (3 for Category A/B and hence it does 
change from one regime for Mi owest (l + tan 2 /3) 1 to another for a given mass ordering of iVj. 
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7 Conclusion 



In this paper we have studied the generation of the observed amount of baryon asymmetry r] 
in our scheme of \it symmetric four zero neutrino Yukawa textures within the type-I seesaw. 
For each of the two categories A and B of our scheme, we have identified three regimes 
depending on the value of Mi owest (l + tan 2 (3) 1 and have studied the normal-hierarchical 
(NHN), inverted-hierarchical (IHN) and quasidegenerate (QDN) cases for the masses of the 
heavy Majorana neutrinos iVj. The requirement of matching the right value of r] forces the 
phases at (Category A) and (3 (Category B) to be in the fourth quadrant for the NHN and 
QDN cases and in the first quadrant for the IHN case in each regime. Restrictions on small 
but nonzero #13, arising from radiative fir symmetry breaking, have also been worked out. 
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Note added 

A new paper on supersymmetric leptogenesis appeared [65] after this work was completed. 
The authors of ref. [65] have highlighted certain additional contributions to These 
arise from soft supersymmetry breaking effects involving gauginos and higgsinos as well as 
anomalous global symmetries causing a different pattern of sphaleron induced lepton flavor 
mixing. While some of the numerical coeffcients - given in the various expressions for rj in 
our analysis - are likely to change if these effects are included, their overall signs will not. 
Consequently, there will be no alteration in our conclusions on the quadrants of the phases 
a and j3 which remain robust. 
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C Baryon asymmetry in r-flavored leptogenesis 
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